Polyphenols are common constituents of the diet, and research on their health benefits has developed quickly over the past few years. Our purpose is to review recent findings highlighting daily dietary polyphenol intake and the diverse function of polyphenols and their possible relationships to cardiovascular disease (CVD). Several cohort studies have reported an inverse relationship between the daily consumption of polyphenols and CVD risk. Many studies showed that beverages could be a large source of polyphenols. Our previous findings provide that Japanese people intake polyphenols mainly from beverages, especially coffee and green tea (in descending order of polyphenol content). Many kinds of polyphenols act as an antioxidant against low-density lipoprotein oxidation, which is known to promote atherosclerosis. Recent accumulating evidence suggests that dietary polyphenols could exert their cardioprotective actions through their potential to improve metabolic disorder and vascular inflammation. These findings raise the possibility that polyphenols have a wide variety of roles in the intestine, liver and vascular tissue. In addition to identifying mechanisms of polyphenol bioactivity by basic research, much more epidemiological and clinical evidence linking reduced cardiovascular risk with dietary polyphenols intake are needed.
INTRODUCTION
Cardiovascular disease (CVD) is the leading cause of death in the world. This fact is mainly attributed to the modern lifestyle, specifically, the change of dietary habits, which leads to metabolic disorders such as obesity and diabetes. In 1989, Steinberg et al. 1 hypothesized that the modification of low-density lipoprotein (LDL) had a key role in atherosclerosis progression. Therefore, dietary antioxidants are considered valuable in order to reduce cardiovascular risk.
Polyphenols are present in most foods and beverages of plant origin and are known to have antioxidant properties. Consumption of plant foods, fruits and vegetables are also associated with lower risk of CVD. 2 These relations are ascribed, at least in part, to their polyphenol content as well as the vitamins, fiber and minerals they contain. Growing evidence from epidemiological studies strongly support that polyphenols contribute to the prevention of CVD. The 'French paradox' describes the relatively low incidence of CVD in France, despite a relatively high dietary intake of saturated fats, and potentially attributable to the consumption of red wine, a rich source of polyphenols.
Recently, it has become clear that the effects of polyphenols go beyond antioxidant properties. This paper reviews the recent studies on the prevention of CVD by polyphenols, focusing on clinical studies.
DAILY DIETARY POLYPHENOL INTAKE
Polyphenols are the largest group of phytochemicals and 48000 kinds are known currently. Although polyphenols are chemically characterized as compounds with phenolic structural features, this group is highly diverse and contains several sub-groups of phenolic compounds, including flavonoids, phenolic acids, lignans, stilbens and so on. Although using the high-performance liquid chromatography method is an accurate way to quantify the amount of each polyphenol, it is difficult to measure all polyphenols by using the limited standard molecules, and the calculated total amounts can therefore sometimes be underestimated. A colorimetric FolinCiocalteu method can be simply conducted and has the advantage of being able to roughly estimate the overall amount of polyphenols. However, in the Folin-Ciocalteu method it is difficult to remove the interference of nonpolyphenol compounds such as reduced sugars, including vitamin C.
Several data have been reported on the consumption of polyphenols from the cohort studies, which have investigated the relationship between CVD risk and dietary composition. Hertog et al. 3 reported that the relative risk of coronary event in the highest tertile (429.9 mg/day) of flavonoid intake was 0.47 (95% confidence interval 0.27-0.82) in the Zutphen Elderly Study. The primary dietary sources of flavonoids in that study were tea, apples and onions. In the past decade, new flavonoid composition databases were established by US Department of Agriculture. A prospective cohort of US adults reported that total flavonoid intakes were 268 mg/day and flavonoid consumption was associated with lower risk of death from CVD. 4 Phenol-Explorer database established by French National Institute for Agricultural Research has become available to the scientific community, providing data on a total of 502 different polyphenols (in aglycones, glycosides and ester forms) from 452 different foods.
Although consumption of food and beverage is different in each country and society both quantitatively and qualitatively, many studies showed beverages could be a significant source of polyphenols. We therefore conducted a survey of beverage consumption and a measurement of total polyphenol content in beverages, focusing on elucidating the polyphenol consumption in Japan. In the study, we used a modified Folin-Ciocalteu method using reverse-phase column chromatography to remove the interference by nonpolyphenol compounds. 7 Total polypehnol contents from beverages in a Japanese population was 853±512 mg/day, and coffee and green tea shared 50% and 34% of the total polyphenol consumption in beverages, respectively. 8 It is difficult to estimate the total consumption of polyphenols from nonbeverages because of their huge variety and the lack of information on their consumption. However, the total top 20 vegetables and top 5 fruits give 19 and 14 mg of the total polyphenol consumption, which was 10 times lower than that for beverages. Our results suggest that beverages are the largest source of polyphenols in the Japanese diet.
EFFECTS OF ANTIOXIDANTS ON LDL AND ATHEROSCLEROSIS
The principal manifestations of CVD are myocardial infarction and heart failure; these represent the clinical sequelae of a systemic vascular process known as atherosclerosis. Atherosclerosis is a progressive chronic inflammatory disease characterized by a thickening and hardening of arteries that ultimately leads to a reduction in the lumen diameter and potentially to ischemia following plaque rupture. These findings relate to the fact that premature atherosclerosis can be precipitated by a number of clinical conditions, such as obesity, dyslipidemia, diabetes and hypertension.
According to the oxidative hypothesis, oxidative modification of LDL is a primary initiating event in atherosclerosis. Oxidized LDL is taken up by macrophages in an unregulated manner to form foam cells. Oxidized LDL also promotes atherosclerosis by altering endothelial function, stimulating platelet activation and inducing a proinflammatory state in the vascular wall. 9 In order to prevent LDL from oxidation, there are many kinds of antioxidants in human plasma (water-soluble antioxidants, such as vitamin C, uric acid, albumin and polyphenols) and in lipoprotein particles (lipidsoluble antioxidants, such as vitamin E, ubiquinol and carotenoids (beta-carotene and lycopene)). Epidemiological data revealed a discord in cardiovascular mortality in a cohort of subjects from Toulouse, France, compared with other cohorts from 17 Western countries, including the United States and the United Kingdom. Interestingly, the French cohort had lower risk despite higher consumption of saturated fat. 10 This finding, named the 'French Paradox', suggested that polyphenols in red wine could account for cardiovascular benefits due to their antioxidant abilities.
Our clinical study showed that LDL oxidation was inhibited by the intake of red wine (0.8 g alcohol/kg) for 14 days. 11 There was no significance seen with the matched amounts of alcohol intake (vodka), indicating that grape-derived polyphenol containing flavonoids, phenolic acids and resveratrol could be responsible to the benefit. Further evidence has been obtained showing that the intake of polyphenols contained in cocoa, 12 green tea, 13 lemon, grape, 14 sweet potato leaves 15 and perilla herbs 16 could inhibit LDL oxidation in human subjects. In our opinion, it is possible that addition of 1000 mg polyphenol to daily diet may be able to modulate LDL oxidaizability.
BEYOND ANTIOXIDANTS
Effects of polyphenols on obesity and diabetes The prevalence of overweight and obesity and their associated metabolic disorders are considered a major health threat in the world. Several polyphenols have been shown to modulate physiological and molecular pathways in vivo that are involved in obesity and diabetes. Cell culture, animal and limited human studies suggest that consumption of certain polyphenols changes lipid and energy metabolism and may facilitate weight loss and prevent weight gain. Current knowledge suggests that the potential complementary effect of these polyphenols may occur through several mechanisms: suppression of fat absorption from the gut, uptake of glucose by skeletal muscles, suppression of anabolic pathways, stimulation of catabolic pathways in adipose tissues, the liver and other tissues, inhibition of differentiation of pre-adipocytes to adipocytes and reduction of chronic inflammation associated with adiposity.
Type 2 diabetes is frequently associated with obesity, because obesity may cause insulin resistance and lead to hyperglycemia. The combined data from a Dutch cohort study 17 and a systematic review 18 with meta-analysis from eight different countries show a statistically significant negative association between coffee consumption and subsequent risk of type 2 diabetes. Drinking 3-4 cups of coffee per day is associated with an approximate 25% lower risk of developing type 2 diabetes compared with consuming none or o2 cups per day. Caffeine is also known to be associated with energy and glucose metabolism. Higher total coffee consumption was associated with lower risk of type 2 diabetes in each category of caffeine intake; however, higher caffeine intake was not associated with risk of type 2 diabetes within categories of total coffee consumption. Therefore, the risk of type 2 diabetes and coffee consumption was shown to be independent of caffeine intake. A recent study examined the relation between green tea and total caffeine intake and risk of type 2 diabetes among Japanese adults. 19 Adults who consumed X6 cups/day (1440 ml/day) of green tea lowered their risk of diabetes by 33%. No association with diabetes risk was found for oolong or black teas. The role of polyphenols may manifest through an effect on subclinical inflammation on the progression of diabetes.
Polyphenols are also known to inhibit the carbohydratedigestive enzymes, such as a-amylase and a-glucosidase, which suggests that glucose absorption may be decreased, thus improving postprandial hyperglycemia. Current reports from human studies suggests that beverages such as berries, 20, 21 cinnamon, 22 red wine 23 and decaffeinated coffee 24 may improve short-term glycemic control.
Effects of polyphenols on postprandial hyperlipidemia Several lines of evidence suggest that elevated levels of fasting plasma triglyceride (TG) may be an independent risk factor for CVD. 25 Over the past decade, there have been some studies conducted on the effects of tea catechins on fasting plasma TG levels in animal models. 26 The proposed mechanism underlying the hypolipidemic activity of tea catechins is most likely mediated by its influence on the intestinal absorption of dietary fat. 27 Moreover, a Japanese cross-sectional study reported that an increased consumption of green tea was associated with a lower fasting serum TG level. 28 In addition, there has been a renewal of interest in whether the postprandial elevation of plasma TG may be more closely related to atherogenic risk rather than fasting TG levels. 29 Some prospective studies have shown the importance of postprandial TG responses in the etiology of CVD. Postprandial hyperlipidemia is characterized by elevated levels and long residence of atherogenic TG-rich lipoproteins, such as chylomicron and very LDL remnants in the circulation. 30 High TG concentrations also evoked other atherogenic factors, such as low HDL (high-density lipoprotein)-cholesterol concentrations, increase in small LDL particles and insulin resistance. 31, 32 The suppression of postprandial lipid responses is thus considered to be an important way to reduce the risk of CVD. We demonstrated that red wine polyphenols attenuate postprandial plasma lipid response in human subjects, 33 and another Japanese group reported that oolong tea polyphenols attenuate postprandial plasma lipid response in animal models 34 and human subjects, possibly by delaying the absorption of dietary fat through suppression of pancreatic lipase activity. 35 Effects of polyphenols on HDL function HDL is considered an anti-atherogenic lipoprotein class as the HDL-cholesterol levels are inversely associated with the incidence of CVD. 36, 37 A recent meta-analysis reported that the beneficial effects of chocolate and cocoa flavonoids on HDL cholesterol were greater in longer-term trial (43 weeks). 38 One of the major anti-atherogenic activities of HDL is the regulation of cholesterol homeostasis through the reverse cholesterol transport (RCT) process. RCT involves the transport of excess cholesterol from peripheral tissues back to the liver for elimination in the bile and feces. The initial step in RCT is thought to be the transfer of cholesterol from cell membranes to acceptor particles. [39] [40] [41] A major breakthrough in the understanding of the mechanism of RCT came with the discovery of the ATP-binding cassette transporter (ABC)A1. Lipid-poor apolipoprotein (apo)A-I contributes to ABCA1-mediated cholesterol efflux from cells. 42 Another ABC transporter, ABCG1, is also involved in the cholesterol efflux from macrophages mediated by HDL. 40, 43 Scavenger receptor class B type I (SR-BI) is also known to promote HDL-mediated cellular cholesterol efflux. 44 Oxidized HDL has reduced capacity for cholesterol efflux and anti-atherogenic properties of HDL. 45 Rosenblat et al. 46 demonstrated that extra virgin olive oil consumption increases the polyphenol contents of HDL, which prevents lipid peroxidation and promotes the anti-atherogenic effect of HDL. In addition to the antioxidative properties, the potential cardioprotective properties of coffee might be associated with an enhanced anti-atherogenic function of HDL. Coffee intake might exert an anti-atherogenic effect by increasing ABCG1 and SR-BI expression and enhancing HDL-mediated cholesterol efflux from the macrophages via its plasma phenolic acids. 47 Effects of polyphenols on endothelial dysfunction Vascular endothelial cells have an important role in maintaining vessel homeostasis in response to altered flow, and increasing evidence suggests that alterations in endothelial function contribute to the pathogenesis of CVD. Activation of these cells triggered by reactive oxygen species, pro-inflammatory cytokines and shear stress, 48 promotes the expression of adhesion molecules and the recruitment of inflammatory cells. 49 The adhesion of monocytes to endothelial cells, differentiation into macrophages and formation of lipid-loaded foam cells are the key steps in the progression of atherosclerosis. Recent in vitro studies showed that resveratrol and several flavonoids (catechin, quercetin, hesperetin and so on) could attenuate the expression of inflammatory cytokines and inhibit the monocytes adhesion to endothelial cells via nuclear factor-kB pathway.
Prospective studies have shown that endothelial dysfunction is associated with an increased risk of cardiovascular events. 50, 51 The importance of oxidative stress as a cause of endothelial dysfunction has prompted many investigations into the effects of antioxidants on endothelial function. Flow-mediated dilatation (FMD) of the brachial artery is endothelium-dependent, as it reflects shear stress-mediated nitric oxide production by the endothelium. FMD correlates well with endothelial function, 52 and it is an independent predictor of CVD risk. 53 Several recent studies have demonstrated that polyphenol-rich foods and beverages, such as red wine, 54 cocoa, 55 dark chocolate 56 and green tea, 57 have an acute beneficial effect on FMD in human subjects. A recent meta-analysis 58 identified that chocolate or cocoa intervention had strong beneficial effects on FMD from 11 chronic and 11 acute studies, which were stable to sensitivity analysis. This analysis suggests that epicatechin dose may be a key contributor to the effects observed. Flavonoids are thought to influence FMD through effects on the acute response cellsignaling pathways that increase nitric oxide production. In addition, chocolate and cocoa appear to reduce both systolic and diastolic blood pressure after chronic intake.
CONCLUSION
Beyond the antioxidant ability of polyphenols, many studies have established that polyphenols have a wide variety of roles on the intestine, liver and vascular tissue. Thus, polyphenols could be expected to have a 'pleiotropic effect', similar to statins in terms of prevention of atherosclerosis. However, the therapeutic and pharmacological potential of these natural compounds still remains to be translated to humans in clinical conditions. As absorption, metabolism and elimination vary widely among polyphenols, their bioavailability should be taken into account to clarify the impact on our health. In addition to identifying mechanisms of polyphenol bioactivity by basic research, much more epidemiological and clinical evidence linking reduced cardiovascular risk with polyphenol-rich food need to be shown.
Revealing the relationship between polyphenols and CVD would improve our ability to prevent CVD through dietary means.
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